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The precision frontier
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CMS

The precision frontier

» Self-consistency check of the standard model using preC|S|on
measurements of the t and W mass
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» Constrain new physics via virtual corrections = ™ = ™ W =
> Anomalous triple & quartic gauge couplings

» Flavor Changing Neutral Currents

> Challenge the SM at the precision level
» Plethora of final states, inclusive & differential
» Various properties of top, W, Z
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The precision frontier: EW
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» Kinematic plane, Q vs. x, for production of top quarks and W, Z bosons
« Horizontal lines indicate production thresholds

« Measurements of t, W, Z constrain o and proton structure (PDFs)
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W boson production
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e Production rate calculated at NNLO and
sensitive to PDFs

« Asymmetry in W+ and W- production
sensitive to u- and d-quark PDF

* Rate constrains strange quark content,
supported by W+c production
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Z boson production

JHEP 02 (2017) 096
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 Drell-Yan cross section described well by NLO and
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Diboson production

e Large amount of measurements -

e Sensitive to BSM contributions

variety of final states

» Good agreement with the SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-031/

Diboson production

 Large amount of measurements,

variety of final states

e Sensitive to BSM contributions

» Good agreement with the SM

Diboson Cross Section Measurements

Status: July 2017
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EW boson scattering

Observation of Vector Boson Scattering

provides new window to the EW sector

— Discriminate with di-jet mass against bg
and reach 5.5 SD significance

— Rich precision measurement program with
larger data set
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BSM physics in EW sector ?

— aTGC from VV production: WWZ vertex

March 2017 e M3
FiVie  Doo : Channel Limits [ Lot is
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— WV -3.8e-02, 3.0e-02 5.0fb"’ 7 TeV
H WV -1.1e-02, 1.1e-02 19 fp! 8 TeV
— WV -3.9e-02, 3.9¢-02 2.3 b 13 TeV
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0 0.5 1

aTGC Limits @95% C.L.
See https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC for additional results
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The precision frontier: top

> New measurements at 2, 5, 8 and 13 TeV — agreement with the SM

CMS 2™ cross section
Relative precision: do/o = 13% =

™ [0 = 68.9+6.5 (stat)
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Phys. Rev. D 94 092004 (2016)
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B MS all-jets* 13 TeV (L = 2.53 fb Y 900F 4 7
* Prelimi [ |
1 02 :_ : ..+ ........ . [j..$..() _:
- 7001 1
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1 Czakon, Fiedler, Mftov, PRL 110 (2013) 252004 13 Vs[TeV] |
NNPDF3.0,m #1725 GeV, a_(M.) = 0.118 + 0.001 -

14

ATLAS cross section at 8 TeV in I+jets channel
Relative precision: do/o = 5.7%

0= 248.3 £ 0.7 (stat.) £ 13.4 (syst.) * 4.7 (lumi.) pb
ATLAS-CONF-2017-054
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-054/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-015/index.html

Differential cross sections

» Results in ATLAS+CMS agree with NNLO predictions and NLO generators

@ BUT top pT measurements not described by NLO i W )
and most MCs, it is softer in data than in simulation b ‘ : leponioe 3
> New measurements at 13 TeV by ATLAS and CMS s

17 .............. 4 =y

0.8’

— 1% indications of a slope wrt NLO MCs in

Data / (Madgraph + Pythia6)

13 TeV data, starting to be significant o9 EPJC,76(2016)128 |
EPJC 77 (2017) 299 PRD 95, 092001 (2017) L |
- ‘ Leadlng top p, (GeV)
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|€F1° E e = ;: § CMS e/u+jet7 | . g;i;a@stat
g —t— ----‘EE?E;EWTHW‘W _; % 1 ;-;P*zﬂparton eve - Eténw:gg zs _ CMS EPJC 77 (201 7) 459
- 2veg = S - MGS Ps < Fxax) u =30000 GeV? NLO
10 E “le i e ... MG5 P8 [FxFx] = 14F —
107 E MGS P8 [MLM] ' - [_JHERA+CMS W' 8 Tev .
PERLS — = - e 2 [ [ZAHERA+CMSjetssTev
N = 102 & Z 1.2F [C] HERA + CMS W* 8 TeV + -
g = > T — =1 0D, M) 8 Tev ]
05— = Sl 14
2" e 28 2% SSSaniei A 3
< {lrmmmemasamag " L o) 1
3 0.8 =
& 0 100 200 300 400 500 600 700 800
5 200 400 600 8061000 p(t) [GeV]
P (1) [GeV]
* First 2D cross section measurement of this type L Add 2D top quar
at the LHC 06  cross sections
@ Dilepton ey channel — very good S/B P p

@ 2D cross sections more sensitive to large x PDFs X
@ Constrain PDFs at large x
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http://link.springer.com/article/10.1140/epjc/s10052-017-4821-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.092001
http://dx.doi.org/10.1140/epjc/s10052-017-4984-5

nr r-»

Y. Boosted regime

partially merged,
boosted W

un-merged fully merged

for AR~1.0 <200 GeV 200 - 350 GeV > 350 GeV . P1
PRD 93, 032009 (2016)
= ‘Og_.'-'L""""""""'"""""""'""""5 2,53 1b" (13 TeV)
o S 3 = T [ T T ! T L
0] . Fiducial phase-space - M - CMS ]
2 B " B Data 7 % [ preliminary Detector level
e s POWHEG+PYTHIA 0] Y e Data (resolved)
= =" " e ALPGEN+HERWIG = S 10° o Data (boosted) =
o= = . = MC@NLO+HERWIG - o - —— Powheg =
o B =d 1+ POWHEG+HERWIG ] v|_ C ~ - - aMC@NLO ]
10— mt ] .8- B - - - Madgraph N
= = ~ —3 ]
= ATLAS 1 £ 107 === E
[ Vs=8Tev,203 1" ] ] C ]
102 — - — — B N ]
= 3 » — ]
© e e e Tt t - + ; = 107 £ 3
i rus A — = CMS-PAG-TOP-16-013 :
= 1 — =
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300 400 500 600 700 800 900 1000 1100 1200 0 200 400 600 800 1000 1200
Particle top-jet candidate P, [GeV] Leadmg top pT (GeV)

» ATLAS boosted regime: pT > 300, trimmed large-R 1.0

» Consistent picture in boosted and resolved phase space

» Parton level results receive larger systematic uncertainties

» CMS 13 TeV all-hadronic combined resolved and boosted analysis
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http://arxiv.org/abs/1510.03818
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html

Inclusive cross-section [pb]

Single top quark production

» Single top cross section as high as tt at 8 TeV - large samples

» Single top production: Test of EW interactions

q' q b W ATLAS+CMS Preliminary LHClopWG November 2016
(47
q t [fWpl = V n‘l”“’ from single top quark production
oo
+ Gyops NLO+NNLL MSTW2008nnlo
W PRD 83 (2011) 091503, PRD 82 (2010) 054018, —t—t—
w " PRD 81 (2010) 054028 ot 1
OlE neo
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Paper in preparation (20.2 fb™") i
CMS 7 TeV -0—| 1.020 £0.046 £ 0.017
° Summary (May 2017): e
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.
y y JHEFP 06 {2014} 090 (13.7fo") iy 4 1%
CMS combined 7+8 TeV @ 0.998 +0.038 + 0.016
L ATLAS+CMS Preliminary LHCIOPWG = ATLASLchamel o osss ] JHEP 06 (2014) 090 :
) ) . arXiv:1702.02859, 2 : N
- Single top-quark production JHEPO4(2017)086 1 CMS3 13 Tev ; i 1.03+0.07+0.02
F May 2017 o OMS tchannel i arXiv.1610.00678 (2310 ") :
JHEP 12 (2012)035, JHEP 06 (2014) 090, 2 : + "
i i i . Zﬂsxm ] ﬂm?éol%a?zg @B2f’) H.—' 10710082002
- 3 ' PLB 716(2012) 142, JHEPO1(2016) 064, - :
arXiv:1612.07231 Wit:
[e] H
SFM§1‘QI(12013)022003, PRL 112 (2014)231802 ATLAS 7 TeV }—-—-—-—{ 1.03 g; g +0.03
1 02 — % *  LHC combination, Wt — PLE 716 (2012) 142 (2.05f0 ! )
— ¥ . ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019 = B +0.16 +0.03
B “‘i'!‘“" — CMS 7 TeV E——— 1.017 -
ComndcBona  ~ T A ATASschamel ] PRL 110 (2013) 022003 (4.9 fb ) 013 -004
L PLE 756(2016) 228 e E ATLAS 8 TeV "™ . — 1.01+£0.10 £0.03
L v OMSechamel 4 JHEF 01 {2016) 064 (203 10" )
- X 748 TeV(oombwned 1 95% CL . CMS 8 TeV' ] 1.03+0.12+£0.04
% PRL 112 (2014) 231802 (12.2fb")
- U 1" NNLO 4 . s
%; o O P LHC combined 8 TeV et 1.02+0.08 = 0.04
= L. scale uncertainty ATLAS-CONF-2016-023, :
1= @ - NLO+NNLL PRDE3(2011)091503, CMS-PAS-TOP-15-019 :
10 PRD82 (2010)054018, PRD81(2010)054028 | ATLAS 13 TeV: ! : | 11410241004
r Wt ff contribution removed ] obs ATLAS-CONF-2016-065 (3.2 ™" )
r scale © PDF @ o, uncertainty 1 2 g :
: ..... =SS — NLO NPPS205(2010) 10, CPC191(2015)74 T |th ' fL |4 | = theory s-channel: 2 | | ~0.18
He= b= M ag ATLAS 8 TeV oo i 0.93 7o+ 0.04
CT10nlo, MSTW2008nlo, NNPDF2 3nl -1
— Wi p:n\?elo for tf remonvZI=GOGeV me = PLB 756 [?015) 228 (?0 3107)
and 1, =65 GeV . - . .
L scalo uncerainy 4 fr.v: BSM form factor , Inluding top-quark mass unceriainty
hao
scale © PDF @ a, uncertainty . . B NPPS205 (2010) 10. CPC191 (2015) 74
| | l M= 172.5GeV Consistent with fL Vo Vt p = 1 " including beam energy uncertainty
17— 8 13 | '
Vs [TeV] 0.4 T 12 1.4 16 18
IvaVi |
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Single top quark production

» Latest updates... 1000

@ Single-most powerful BDT input variable

o | ata ]

» ATLAS measurement of Wt single top G pATHAS ) KIEELE
. v goof Vs=13TeV,3.2fb i ]

production @13 TeV / FR R S

sooarXivi1612.07231] o™ ]

400F | tny i .

» Single top t-channel production
» T/tbar sensitive to PDFs

> Most PDFs agree at 1SD level g jgETTTT Tota.'syst"
(ABM is 2.5 SD, driven through flavor scheme and alphaS) o 11% /
& 0.8%///’/’ /WV// '
O 0.6E. bbb b b b b Lo 000 3
L L 0 10 20 30 40 50 60 70 80 90100
ATLAS [arX|V 1702. 02é59]\s 8 TeV, 20.2 o N
Measurement result i pTy UiloEr j7) [GeV
easur resu I e i
H CMS-TOP-PAS-16-004
PrEiisc::;n(i z;Isczulated iSr:a5t.FS' : ° D I CMS Preliminary 2.3fb™ (13 TeV)
- - ifferential £ 3000 . . 1 :
scale ® PDF + o unc. E o 30005 2 jets 1b-tag ¢ Data
ABM (5 flav.) E n measu rement %25002_ m(W)>50GeV E;—/(t:\f/lvannel E
ATLAS epWZ12 : of t-channel L1'>jzooo§— EWizsjets
: . 3 [IMultijet
o a " top production 1% Tota syst
: . 1000f
FERAPDF 2.0 ; « Muon-channel o
e V0 P only employing/V
MMHT2014 i (] a BDT (EJ 12_
NNPDF 3.0 | ] " | . discriminator § == : SLLNS
1.4 15 1.6 1.7 1.8 1.9 2 and maximum e 3 OV ORTIORY N |
A, likelihood fit BDT discriminant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-16/
https://cds.cern.ch/record/2151074?ln=en

Single top quark production

> ATLAS (13 TeV) & CMS (8 TeV)
measurements on tZq
» Rely on NN and BDT to enrich signal

» Dominant SM production @leading order:

u

Entries / 0.1

Y X

Data / Pre(®

o= 600 % 170 (stat.) + 140 (syst.) fb
(Expected is 5.4 SD, observed 4.2 SD)

13 TeV

Events/0.13

o= 10 8/7 (tot.) fb
(Observed 2.4 SD)

8 TeV

ATLAS-CONF-2017- 052

---------------------------------------------------
- ATLAS Preliminary e Data 7
0 {5=13Tev, 36.1 10" tZq =
b Vs W ]

Z+jets

I
o

Diboson
I tV+HIH+WZ
72 Uncertainty  —

/,7}///)%%

@
o
|

JHEP 07 (2017) 003

CMS 19.7 fb' (8 TeV)
] T 1T ] T T T I T T T I T T T ] ] T T T ] L ]
40 ¢+ data
35 I tZq
(] nonprompt
30 wz
B WZ+h.f
25 zz
- ttv

uncertalnty

b b b b b Lo 1l

oLt Ll

-1 08 06 04 02 0 0.2 I 04 l 06 l 08 l
BDT ;4.5 discriminant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-052/
http://dx.doi.org/10.1007/JHEP07(2017)003

The precision frontier: top

» CMS measurement in |+jets

o

_>

Events / GeV

10*c ATLAS

10°

channel @8 TeV
Photon requirement is
pT > 25 GeV

0 = 127 + 27 (tot) fb
(Prediction at NLO: 151 X 24 b)

L L B I L L B L B B BN LB
e Data =
M iy

e—Y Fakes

I Prompt y Bkg
Hadronic Fakes —

\s=8TeV, 20.2 b
Single lepton channel

T T T TTTTT

Uncertainty

. September 2016 CMS Prellmmarv
'8_ 3 i ! ! I I : [} I 5.02 TeV CMS measurement L= 26 pb™ ]
— 10 E | : [} 7 TeV CMS meaaurement L<5.0 rb E
© - g g i :8 TeV CMS measurement (L < 19.6b") .
- - T : : [ 13 TeV CMS medsurement (L < 15. s oy
g 1 02 = q' - i Theory prediction: : —
B /77 : OMS e5%CL It E
o | ]
‘n 10F 4
L s
C 1t 4 o
: o é z z ]
g | 3 L JVU P D R
S107F | & -
= F 5 5 . e E ]
N i f f i '
10%F CMS-TOP-14-008 E
F (Subm. to JHEP) ]

-3 : : :
107F : : = E
it ttbb tty ttW ttZ ttH ttit

All results at: https:/ftwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

(L mwaw  [arxiv:1706.03046] | » Measurement in the I+jets channel @8TeV
S » Photon requirement of pT > 15 GeV
'0'11-215 :::': : : : ::::::IH: :::z
SR SRR ARARARARARARARRRRARARARARAR AR R £
S 0;*T+ ,,,,,,,,,,,,,, ” f,,l ,,,,,,,,,,,,,,, TN 0= 139 %7 (stat.) £ 17 (syst.) fb ATLAS
S 0T e e 0 2 14”16'pso1fg;\l,%° (Prediction at NLO: 151 * 24 fb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-21/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-14-008/index.html

CMS i ] i
Ttbar + X: HF A"
Observation of tt+H a major goal for ATLAS & CMS:

— Correct modeling of associated HF production is crucial
— Theoretical and experimental challenge

UL S 2.3 fo" (13 TeV)
Measurements at 8 TeV (ATLAS & CMS) ~ £10°¢ 5 mibh WLF  ESinglet
and 13 TeV (CMS) L%’ Citibj [Ett others [Z+jets

10* s mticc mttv + Data

ttbb dilepton tto dilepton ttb lepton-plus-jets ATLAS
_ tbased s=8 TeV, 20.3 b’
m'based: """ Measurement results
0 stat. ® syst. [} stat. =
@ 2MC@NLO+Pythias (BDDP) E
il B aMC@NLO+Pythias (H/4)
I'A—E'l A Pownel+Pythias (H/2)
; V  MadGraph+Pythi
: adGraph+Pythia Q . i
: * % Pythia8 (wgtqd) Y4
L s Pythias (wotgs) | | I
E @  Pythias (wolg6, sgiq=0.25) B : : : :
AI A Powheg+Pythiaé (inclusive ff) Q 0_6 0 i 1 i 2 i 3 i >4
' bl y A N O -
7/ 4 [}
5101520253035 20 40 60 80 500 1000 1500 Number Of b-tagged Jets
fid fid fid
6ttbb dilepton [fb] Gttb dilepton [fb] 6ltb lepton-plus-jets [fb]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/

Ttbar + X: W. Z

— Sensitive to FCNC couplings (ttZ) and BSM (ttW and ttZ)
— Results consistent with the SM (NLO prediction)

CMS Preliminary 36 o (13 TeV
T T T T T T T

re s I%I I o lié:ibc%jitf(i){url
. vy
/ = Diwris
% _

ATLAS-CONF-2016-003

=x ttZ theory
<44 ttW theory

III|IIII|IIII_[

IIII|IIII|IIII

CMS-TOP-17-0051

L b Iy Lo e T SM (NLO)
% 02 04 06 08 1 12 14 16 18 o(ttZ) =839+931b
d g 7 Gy [PD] o(ttW) =601 £ 55 fb
. lo(ttz) = 1.00 + 0.09/0.08(stat.) + 0.12/0.10(syst.) pb
d Expected (observed) significance of 4.6 (9.9)

v+ |o(ttW)=0.80 % 0.12/0.11(stat.) £ 0.13/0.12(syst.) pb
Expected (observed) significance of 4.6 (5.9)
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http://cds.cern.ch/record/2138947
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-005/

¥. Top quark asymmetries

» Production asymmetry due to NLO interferences

Tevatron Preliminary (2017)

Tevatron4 top * Inclusive combinations via BLUE 17 Ay Asymmetry (Af)
i- . . : . : CDF ¢ +jets (9.4 fb~! - 164+ 4.7
i o - Differential combinations employing |S2F (e (9.4 ©7) ——t
full covariance matrices CDF ¢ (9.11b™1) . 12 +13
PRD 93, 112005 (2016)
DO ¢+ jets (9.7 fb~! 10.6+ 3.0
PRD 90, 0J7§051 1((2014) ) "é'_'
> DO £ (9.7 fb ") 175+ 63
n PRD 92, 052007 (2015) —_
Tevatron combination —e— 12.8+ 2.5
— Final Tevatron combination .
. th SM Lepton g1 Asymmetry (AFB)
agrees wi CDF (¢ +jets (9.4 fb7") 5 105+ 32
PRD 88, 072003 (2013) —e—
L ' ' e (9.1 67! . :
g | Tevatron Preliminary (2017) g{?isﬁgi (Zﬂzm)) ——e—— 7.2+ 60
DO ¢+jets (9.7f671) § 5.0+ 34
<t PRD 90, 072001 (2014) ) .
o DO (976671 . 44+ 3.9
PRD 88, 112002 (2013) i )
Q) Tevatron combination y et 73+ 2.0
o
'%:E o Lepton An Asymmetry (Afg)
= CDF ¢t (9.1f671) o . 7.6+ 8.2
N PRL 113, 042001 (2014) ' N 1
S | % Tevatron combination = DO ¢ (9.7 b7 1) \ 123+ 5.6
| PRD 88, 112002 (2013) N
I | = Oy, = (971 + 328) x 107* GeV~! Tevatron combination § —e— 10.8+ 4.6
S F 1 i
| NNLO QCD + NLO EW [Czakon et al.] NNLO QCD + NLO EW [Czakon et al.]
1 1 L NLO SM [Bernreuther and Si]
350 450 550 650 ! . . .
5 —15 0 15 30
s [GeV / c ] Asymmetry [%]
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CMS

Top quark asymmetries

» Production asymmetry due to NLO interferences

Tevatron Preliminary (201

7)

Tevatron A top S  Tevatron Preliminary (2017) tf Ay Asymmetry (A{fg)
anti-top < CDF (+jets (9.4 b7") 164+ 4.7
e PRD 87, 092002 (2013) e
> CDF ¢¢ (9.1fb71) 12 +13
o e PRD 93, 112005 (2016) ~ ' . !
<2 DO ¢ +jets (9.7 fb~ ! 10.6+ 3.0
z % DO i CDF PRD 90, 072011((2014) ) "é'_'
> S | ¥ Tevatron combination DO ¢¢ (9.7 fbfl) 1754+ 6.3
n <|t = a,, = (9.71+3.28) x 10~* GeV~! PRD 92, 052007 (2015) U
o Tevatron combination —e— 12.8+ 2.5
. . . | NNLO QCD + NLO EW [Czakon et al.] ezl
— Final Tevatron combination ,
th SM 350 450 550 650 Lepton gn Asymmetry (AFB)
agrees wi i [GeV/c?
g mi [GeV/e’] CDF {+jets (9.4 fb™1) 4 105+ 32
ATLAS+CMS Prelimi LHCtopWG Vs =8TeV Sept 2016 PRD 88, 072003 (2013) |
reliminary S = e ep -1
h CDF #¢ (9.1 fb 72+ 6.0
LHC 4 top  feemen S e )
anti-top | ey SRR DO ¢+jets (9.7 67 1) § 50+ 34
ATLAS dilepton, AC ———— 0.021+0.011£ 0.012 PRD 90, 072001 (22114) —* i
CMS | Aets tem bplate —e—| 0.003 + 0.003 £ 0.003 DO &t (9'7 fb ) 44+ 3.9
PRD 93, 034014 (201 PRD 88, 112002 (2013)
GMS 1ot e h—e 0.001+0.007 + 0.004 Tevatron combination | e~ 73+ 2.0
> CMS dilepton A" H——H 0.011+ 0.011+ 0.007
PLB 760 (2016) 365 C
n | Moy b oomzdoos Lepton An Asymmetry (AffB)
Moo hopsed <o 0.042 £ 0.019+ 0.026 CDE (¢ (9.1fb 1) o | 7.6+ 8.2
Mirestore o comMI<2) 042:£0.0192£0. PRL113,042001 2014)" [~
Measurements at the LHC Do (1 1(192-(%3013)) § 123£ 5.6
; \
dilepton asymmetry . . N
mUCh harder ATL ésos die p;f,’{,l, Al 0.008 + 0.005 + 0.003 Tevatron combination s —e— 10.8+ 4.6
. CMS dilepton A" H—e—H 0.003 + 0.006 + 0.003 NNLO QCD + NLO EW [Czakon et al.]
PLB 760 (2016) 365 C .
LHC reSUItS agree Wlth SM NLO SM [Bernreuther and Si]
(but not yet significant) | | | . . . .
-0.05 0 0.05 ~15 0 15 30
AQ Asymmetry [%]
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_ Latest We/ghlng

180' B T By ey S e e e ST

. ] : R f
L :;: m,worldcomb +1c ] L i - ’ e 9
8 - 68% and 95/ CL contours = 173,33 GeV . - Instability . 107
= 80.5 — I fitw/o M, and m, measurements i -- 5=0.76 GeV ) — 178 - = ]
Eg - fit wio Mw, m, and M, measurements | | —0=0.76 ©0.50,;GeV d L 10"
- direct M, and m, measurements ) ’ . . — o ot N 10”
80.45 ] S 176 ) oM
= ] P - - Inﬂatmn Instablhtym”
- . . H;=10" GeV)
n i T . il -
> .- 10'%
80.4 - 2 174 B8 ‘ e
. 7 E L & ke » - = *
— M, world comb. + 15 ] .;—gl i 1‘\/_[f;ta~—stab{1;ty- AR .
80.35 [— m,, =80.385 + 0.015 GeV — g 1720 e
- . = i
80.3 = . .
- S . 170 NP s Degrassi et al.
~ b N tal Stability |
80.25 - Tt ,-':rE i G fltter i: 168 | e e e e e T i i ]
B | 1 | | | | | *" | | | L"’I | i i I: 1 1 I 1 | | | | | ] ) 120 122 124 126 128 130 132
140 150 160 170 180 190 Higgs pole mass Mj, in GeV

. [GeV] More on EW stability: K. Mukaida
» Self-consistency test of the SM & stability of the EW vacuum both rely/use
pole mass — what we measure depends on the method
» Indirect extraction from e.g. cross section, end point, J/psi method
— top quark pole mass
» Direct methods e.g. template, matrix element, likelihood, ideogram
‘MC” mass, close to pole mass
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W mass: 15t LHC measurement

* Employ the 7 TeV data: low pile up environment

m,, [GeV]

> Huge effort to control systematic uncertainties

> Higher pile-up at 8 and 13 TeV challenging
_.Imw= 80370 £ 7 (stat) = 11 (exp. syst.) * 14 (modeling syst.) MeV

[arXiv:1701.07240]

Sm /m = 0.024%

B T T I T T I T T T T I T T T T | T ]
- ATLAS — m,, = 80.370 £ 0.019 GeV 4 | | |
80.51 B m =17284+0.70 GeV o
- m=1/z.04=x0. ev. 4 ATLAS My
N ----'m, = 125.09 £ 0.24 GeV 1 = Stat. Uncertainty
80.45 :— Wl 68/95% CL of m,, and m, _: — Full Uncertainty
C ’ LEP Comb. £0376:33 MeV
80.4—
N Tevatron Comb. Py 80387+16 MeV
80.35 :_ = _: LEP+Tevatron @-50385+15 MeV
= - ATLAS 80370+19 MeV
803 = = 68/95% CL of Electroweak’ < i I
- Fit w/o m,, and m, ] Electroweak Fit o-£035618 MeV
~ (Eur. Phys. JYVC 74 (2014) 3046) serowese ™ | l | |
80.25 B L L T B B R 80320 80340 80360 80380 80400 80420
165 170 175 180 185 m,, [MeV]
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-18/

Top quark mass: direct

» Direct measurements combined using BLUE - consistent among methods/channels
o Latest CMS combination, dm/m =0.28% My,, =172.44 % 0.48 GeV CMS-PAS-TOP-15-012

Recent results at 13 TeV:

ATLAS+CMS Preliminary LHCtOpWG m,, summary, Vs=7-8TeV May 2017
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

Myp = 173.34 £ 0.76 (0.36 + 0.:67) GeV e total (stat £ syst) G Ref
ATLAS, I+jets (*) ——e—+ 172.31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) —+—oi—1 173.09 + 1.63 (0.64 + 1.50) 7TeV [2]
CMS, I+jets = 173.49 + 1.06 (0.43 + 0.97)  77TeV [3]
CMS, dilepton —tt- 172.50 + 1.52 (0.43 * 1.46) 7TeV [4]
CMS, all jets it 173.49 £ 1.41 (0.69 + 1.23)  77ev [5]
LHC comb. (Sep 2013) - 173.29 + 0.95 (0.35 + 0.88) 7 7TeV [6]
World comb. (Mar 2014) - 173.34 + 0.76 (0.36 + 0.67) 1967 TeV [7]
ATLAS, l+jets H——+H 172.33 + 1.27 (0.75 + 1.02) 7TeV [8]
ATLAS, dilepton I—[—l—+—| 173.79 £ 1.41 (0.54 + 1.30) 7TeV [8]
ATLAS, all jets —s—— 1751+ 1.8 (1.4 £ 1.2) 7TeV [9]
ATLAS, single top F———+—-—+€——4 172.2+ 2.1 (0.7 £ 2.0) 8 TeV [10]
ATLAS, dilepton = 172.99 + 0.85 (0.41+ 0.74) 8TeV [11]
ATLAS, all jets =t 173.72 +1.15(0.55 £ 1.01)  sTev [12]
ATLAS comb. (f:;gfsfgi‘f H44 172.84 £ 0.70 (0.34 + 0.61)  7:87TeV [11]
CMS, l+jets HeiH = 172.35 + 0.51 (0.16 £ 0.48) 8 TeV [13]
CMS, dilepton I—H—-—I 172.82 £ 1.23 (0.19 = 1.22) 8 TeV [13]
CMS, all jets HeH 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top - 172.95 + 1.22 (0.77 + 0.95) 8TeV [14]
CMS comb. (Sep 2015) e 172.44 +0.48 (0.13 £ 0.47)  7:8Tev [13]
(*) Superseded by results ﬁ ﬂtﬁf ((ﬁ:ﬂ;iw {21 i'.pr»:\lfsl 4r,4/i7mm) 330 ::2& :th nqunf ;jm) 072004
shown below the line 4] Eur Phys.).C72 (2012) 2202 19] Eur Phys.J.C75 (2015) 158 [14] arxiv:1703.02530

| | ] | ] | | ] | | | ] | | ] | | | ] | | ]
165 170 175 180 185
Miop [GeV]

@ Tevatron combination, 6mt/mt =0.37%

m
top

=174.30 £ 0.65 GeV [arxiv:1608.01881]

— CMS p+jets: 2D fit of m(t) vs. JSF
+ 0.80 (tot) GeV

CMS Preliminary

m_=172.62
CMS-TOP-16-022

— ATLAS all-hadronic;:
m, = 173.72

+ 1.15 (tot) GeV

>

Data/MC Permutations /5 Ge

Entries / 0.04

2.2t (13 TeV)

2‘2‘88 - mmttcorrect ' mmSinglet
F [ ttwrong [ W+jets
2000F [ Jttunmatched [l Z+jets
18005 o Data ] QCD multijet
1600F 7
1400F
1200F
1000f
800F
600F
400F
200F
1.5
1
0.5L— : S s
100 300 400
fit
m" [GeV]
R R B e R BE
I ATLAS —4— Data \s=8TeV ]
1000_— ILdt ~202 fb" \:l foc (Correct) __
L . tf MC (Incorrect) ) ]
r - 1t MC (Non-Matched)
800__ [ aco Muti-et (pata-Driven) |
- Stat.® Syst. Uncertainty -
6007
400}
200}
c15
S
é 1 " 0'6&0*\%\\& Loen A V‘ ¢ ‘v ¥
a
by \
s0595 98 2 22 24 26 28 532 34
a =

o m../m
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-012/index.html
https://arxiv.org/abs/1608.01881
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-03/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-022/

CMS [arXiv:1603.02303]

Top quark mass: pole ‘. oo

Top-quark pole mass measurements July 2017
» Extraction from production cross section D 16750 45204 7o GV
not (yet) competitive with direct DO, 196TeY e 16950990, pGey
. MSTWOB NNLO

meagurerglgnts — but g.etfung closoer D0 ol 196 TeV o 17260340 ey

s ATLAS: 0.9%; CMS precision at 1% ey
@ DO precision (best at Tevatron): ~ 1.5% g g473 EPUC 74 (2014) 3109 T TRR T e
ATLAS tt+] shape, 7 TeV @— 173.70 *228 , . GeV

JHEP 10 (2015) 121

» With ~5% theory uncertainty and ~2% exp CMS o), 7+8 TeV o 17250170

JHEFP 08 8‘!016] 029

— can reach 0.5% on pole mass NNPDFS

CMS o(tt) 13 TeV

+2.70
arXiv:1701.06228 (2017) 170.60 270 GeV
cT14

T T T =
pole CMS tt+j shape, 8 TeV +4.52
ATLAS & m TOP-13-006 (2016) —® + 16980 T 5 6 GeV
Preliminary = Stat, Uncertainty World combination +0.76 .
— Full Uncertainty ATLAS, CDF, CMS, DD @ 17334700 76 GeV
_ arxiv:1403.4427, standard measurements
DO inclusive o(tt) PY 172.8 + 3.3 GeV
| | | | | . _| _ | | | | . _l _ | | | | : _| | | | |
ATLAS inclusive o(tt) ° 172.9+2.6 GeV 150 J
: o _n D0 9.7 fb! m, [GeV]
CMS inclusive o(tt) ® 173.8+ 1.8 GeV o 120 :
- _ + Measured o(pp— tt+X)
DO differential p:_, mﬁ < ® 169.1+ 2.5 GeV o 10_— — Measured dependence of ¢
S — i R — NNLO4+NNLL
ATLAS differential o(tt+1]) P 173.7+ 2.2 GeV 8F... ~::‘ g
I R i ) """"""""""""""""""
ATLAS leptonic (8 dist.) G_ 173.2£1.6 Gev‘> 6l R I
| I | D 0 ‘
O. . T
T Phys. Rev. D 94 092604 (2016)
PR T T S T AN SN SN ST SN N ST S S SN Y
ATLAS'CON F'201 7'044 mtpole [GeV] 160 170 180 190

Top quark pole mass (GeV)
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http://arxiv.org/abs/1603.02303
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-044/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-006/
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T113/

- EW vacuum stability

» Very subjective but illustrative, combined 180 e P t__ﬁ o
OS recen CO ma ons - 1
latest results from ATLAS, CMS, Tevatron | bkl " - >
» Some tension... 178 § . " = ]
- : 10
» Assumes SM to be true - - 096, o
., B o = gl
Mi=174.34+0.64 GeV 2 176F =
= - - Inﬂatlon Instab111ty1 0"
1 2 ? E | | | | | | | | ] | | | | I2l SIDI | | I | | E g i , - . e T'e’\,'a‘tr (H 10 GeV) 1{)' 6
1265 F 1 % ..
o ———'-/‘J—:S";!-\—-—-..\ - = 3 e ®
126 F 4 - :
> b t' v {4 2 . omtéﬁfted
O 1255 F %, , 4 & 172p 10" y
= - \ K » ] —~ .
E 125 :_ -._\’\-_-)"{-._..ﬁ -: i '*"‘
- - 170 RSP o ” L
1245 F - A 10'®*  Modified frqm original .
- [ar)l(iv:14’|1l.1923] . te{f" by Degrassi etal.  stability -
124 I . | [ | ' T | L 1 1 || AR oA | -
168 I I L L | IR A | L L T I I L
091 092 093 094 095 096 iy n 124 126 128 130 132
Caveat: yr(H=173.2 GeV) Higgs pole mass M, in GeV

» Direct methods e.g. template, matrix element, likelihood, ideogram measure
the “MC” mass, lots of effort to “calibrate” the “MC” mass
» Estimates: O(0.5 GeV) difference to pole mass PRL 117, 232001 (2016)
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http://arxiv.org/abs/1411.1923
https://arxiv.org/abs/1608.01318

It
AFB

BSM physics in top sector ?

— Forward-backward asymmetry agrees with

SM at the 1.3-1.6 SD level
— W helicity & other results agree with SM
— V1b enters in production and decay:.

o ~ |Vtb|?, FCNCs highly suppressed but
limits start to reach relevant BSM Brs

I I
et
S
=
S
N
S
S
S
2 o
o| - 3 Tevatron combination
< | T O, =
O| -

= (9.714+3.28) x 107* GeV~!
NNLO QCD +NLO EW [Czakon et al.]

350 45()

550

650

my; [GeV / 62]

ATLAS+CMS Preliminary LHCIOPWG May 2017 Rnaon|
al
Theory (NNLO QCD)
_ PRD 81 (2010) 111503 (R) FH FL FO
~e—#—+ Data (F_/F /F,)
ATLAS 2010 single lepton, {s=7 TeV, L_=35 pb’ ! H—e—H H+—HH—a1—H
ATLAS-CONF-2011-037
ATLAS 2011 single lepton and dilepton, r 7TeV, L, =1.04 ! HH HeH o
JHEP 1206 (2012) 088
CMS 2011 single lepton, Ys=7 TeV, L.=2 2o ol HeH H——
CMS-PAS-TOP-11-020
LHC combination, Is=7 T e Ha H+H
ATLAS-CONF-2013-033, CMS PAS- TOP 12-025
ATLAS 2012 single lepton, Ys=8 TeV, L_=20.2 fi" (] [ ha
EPJC 77 (2017) 264
CMS 2011 single lepton, Ys=7 TeV, L =5.01f" ] e H-4H
JHEP 10 (2013) 167
CMS 2012 single top, {s=8 TeV, L_=19. 71! le] HaH Ha
JHEP 01 (2015) 053
CMS 2012 single lepton, s=8 TeV, L _=19.8 ! L] o HH
PLB 762 (2016) 512
CMS 2012 dilepton, {s=8 TeV, L 197fb‘ H ol Had
CMS-PAS-TOP-14-017
superseded by published result ) ) | ) | . ! )
0

0.5
W boson helicity fractions

no BSM signal yet

W+ c,\

b,s,d
vlZ

t—Hc
t—Hu
t—yc
t—=yu
t—gc
t—gu
t—Zc

t—=Zu

CMS-TOP-PAS-16-004

February 2017

Each limit assun

CMS Preliminary

all other processes are zero

95%CL upper limits

[1] arXiv:1610.04857 subm. to JHEP [2] JHEP 04 (2016) 035
[3] arXiv:1610.03545 subm. to JHEP [4] arXiv:1702.01404 subm. to JHEP
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Theory predictions

from arXiv:1311.2028
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https://cds.cern.ch/record/2151074?ln=en

BSM physics in top sector ?

— Detailed study of the Wtb vertext to identify any BSM contributions
— Use triple-differential angular decay rates in smgle t-channel productlon

— FCNCs in tZ (ATLAS & CMS) and t —cH
no BSM signal yet

(ATLAS) —
JHEP 07 (2017) 003

Events /0.06
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— Data agrees with SM

no BSM signal yet
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-26/
http://dx.doi.org/10.1007/JHEP07(2017)003

Conclusions

» Large data sets on W,Z and top quarks allow to constrain PDFs
» High precision top quark property measurements, also
accessible now in single top quark production (-channel)
> Plethora of W and Z boson final state measurements:
— Evidence for associated production of W, Z
— Observation of diboson scattering

— No significant deviations seen from SM expectations at LHC Run |
or early Run Il results

Only small limited selection of results shown

Thank you!
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Outlook

Run Il just started! )
— We will get about 80 million tt events
— Allows for multi-dimensional & simultaneous measurements

of o, o, PDFs and properties as well — ultra precision results

via measurements @ parton level & fiducial particle level
— FCNCs and other statistically limited processes will 3000/fb
significantly improve!

2
£ 6000

00000
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Top quark production

» CMS 2™ cross section measurement at 5 TeV in ey dilepton CMS-TOP-16-023
s Event counting in dilepton & fit in [+jet channel 27.4 pb™ (5.02 TeV)

» Relative precision: 5o/c = 13% § | CMS oW o
> w < Non W/z
0= 68.9+6.5(tat.) + 6.1 (syst.) + 1.6 (lumi.) pb|]  *“F% WV
W
Agrees well with 1% measurement @5.02 TeV, [ = il
in dilepton channel only: cpMS-PAS-TOP-16-015 20 \
0_ |

1 2 3 4 >5
Number of jets
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-023/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-015/index.html

Differential cross sections

 First 2D cross section measurement of this type at the LHC
» Dilepton ey channel — very good S/B
» Provide 1D & 2D differential cross sections

» 2D cross sections more sensitive to large x PDFs

» Constrain PDFs at large x

CMS
E 1 L] IIIIIII | 1 IIIIIII
&;:1 4 - Xg(x) pf = 30000 GeV? NLO h
.. Ctms = 19717 (8TeV) < F [CJHERA+CMSW®8Tev
' r <M(tf) < 1 <M(th) < G <M(tl) < G <M(t) < G ~ .
E 10_2?340 M(th) 400G9V_:;_ 400<M(tf)<500GeV 500 <M(tf)<650GeV __ES%a:\:(tt) 1500GeV | S} i :l HERA + CMS jets 8 TeV
1o fee Lo - Olcs) [MNFY ~ 1o [ JHERA+CMSW*8TeV+ -
1E [ ... 1 vl ] mn — . - -
212 0l . v lswcTiapspor | - [y(tt), M(tt)] 8 TeV
wlEe : - -+ HERAPDF2.0 -
3 | X
€104 *.e 2 1E =
© : ¢ -
10'5;— $ B
; 0.8
i : | | | R
= o12h ¢ i ! - L Add 2D top quark
° 1-$" £i§ .... 5 iy 134 . 06L . Cross sections .
g | i Ei $ ©OI" EPJC 77 (2017) 459
m ’ L L 1 1 1 1 1 ] 1 1 IIIIIII 1 1 IIIIIII 1 L1 1L 1 111
T 2 T 2 T 2 T 2 - i -
; 10° 107 10" 1
y(ED) «
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http://dx.doi.org/10.1140/epjc/s10052-017-4984-5

BOOSted reg[me CMS-PAG-TOP-16-013

partially merged,
boosted W

un-merged fully merged

for AR~1.0 <200 GeV 200 - 350 GeV > 350 GeV
> Pt
300 2.53fb" (13 TeV)
— I : I T | T 1 T T —]
%J - CMS : « Data ; 253" (13 TeV)
(O 800t Préliminary [ ]1Signal = R . CMS L L L L e
T S JQcCD i = i g Detector level 7
- 700:— PR JFit Unc. 8 Preliminary e Data (resolved)
{2 600: S 1072 = o Data (boosted) =
c F o = .- —— Powheg .
2 500- e u -~ aMC@NLO ]
L 4005 _8- B - - - Madgraph .
: Z  107° == =
300 o 2 -
E N C ]
200¢ ~ L I i
E -4 — ] |
100 107 £ e
% 05% T B e ——————
+ 0E: i
%_0_5 e S 1 0_5 .y . . | | . . | | . | | . . | l . X | 1 LI_, | -
= 200 300 400 0 200 400 600 800 1000 1200

Reconstructed top mass (GeV) Leading top p_ (GeV)

» All-nadronic channel: Use reconstructed top mass to derive bg norm+shape
» Consistent picture in boosted and resolved phase space

» Parton level results receive larger systematic uncertainties

» CMS 13 TeV all-hadronic combined resolved and boosted analysis
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html

Boosted regime

CMS-PAS-TOP-15-015

partially merged,
boosted W

un-merged

A,
3

fully merged

gy

ey

for AR~1.0 <200 GeV 200 - 350 GeV > 350 GeV
> Pt
19.7 fo (8 TeV) _ CMS Preliminary 19.7 b (8 TeV)
ﬂ : 1 1 1 1 ‘ T 1 1 T 1 1 1 ‘ 1 T 1 1 ‘ T 1 1 1 : D > 2 5; ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 ;
§ 7o0f CMS — — tt total . "-|8 I —— Data
[ - Simulation — Al q ] T I ]
600[ Preliminary 1 ully-merged _g EQ | MADGRAPH+PYTHIA
i tt unmerged © : e MC@NLO+HERWIG
500 | ] [ bkt
S S A POWHEG+PYTHIA
400 |- . 1.51 ]
300 | [
1 ] ]
200 1 I I
1 00 } ;-El L ] 05 :‘.'..-..-..-. nnnnd
O [ T :"r [ B T e N—— [
0 100 200 300 400 500 |
0

» Hadronic decay products reconstructed

Jet Mass [GeV]

with single jet R = 1.2
» Peak position of m.. sensitive to m,
» Detailed understanding of jet substructure observable crucial for boosted topologies
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-015/index.html

Top quark production

_>

_>

. . 221" (13 TeV)
» CMS cross section measurement in the 2 o[ CWS e rs2es - Dat
dilepton channel @13TeV, do/0 = 5.6% s . Non W/Z
» Dominated by Hadronisation, JES o | -
§5000— 2y > e
o= 793 + 8 (stat.) + 38 (syst.) * 21 (lumi.) pb z |
0
014
=2 - . ;
b T
2 08— a 5
. umbper o els
» Most precise measurement at 13 TeV ‘
» |In-situ constrains on systematics o e
» Fit jet and b-Jet categories starting £ cws Do i ESingeop
1 jet to reduce systematics WOV WDbosons
» Relative precision: da/0 = 3.9% . .
. 10°
° |[+jets decay channel ] Pt e
104 ———
o= 835 % 3 (stat.) £ 23 (syst.) o
+ 23 (lumi.) pb o
_g 1.1
s 1= ° ° e o ° ® [ ° [
0.9 _1j,0b 1j,1b 2j,1b 2j,2b 3j,0b 3j,1b 3j.2b 4j,0b 4j,1b 4j,2b
vent category
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Top quark mass: directsmrs:

» Direct measurements combined using BLUE - consistent among methods/channels
o Latest CMS combination, dm/m = 0.28% __%_

b-jet energy peak
TOP-15-002 (2015)

172,29 £ 1.17 £ 2.66 GeV

Myop = 172.44 * 0.48 GeV

Alt. techniques (8 TeV only) ——

L
egacy -
PRD 93 (2016) 072004

Legacy + Alt. techniques N

172.43 £ 0.21+ 0.73 GeV

172.44 £ 0.13 £ 0.47 GeV

172.43 £ 0.11+ 0.46 GeV

I | | |

| I |
175 180

m, [GeV]

» World combination, dm/m = 0.44%

Miop = 174.34 £ 0.76 GeV

@ Final DO combination, dm/m = 0.43%

m

= 174.95 + 0.75 GeV

top

[arXiv:1703.06994]

Lepton+SecVix
PRD 93 (2016) 092006

Lepton+J/¥
TOP-15-014 (2016)

Kinematic endpoints
EPJC 73 (2013) 2494

b hadron lifetime
TOP-12-030 (2013)

Dilepton M,
TOP-14-014 (2014)

BEST backgrounds
TOP-15-011 (2015)

CMS alternative comb.
TOP-15-012 (2016)

CMS Run |
PRD 93 (2016) 072004

CMS Run | + Alt. techniques
TOP-15-012 (2016)

¥ 90

W, 1. 2. %4

N\

- Dilepton kinematics - 171.70 + 1.10 +2-68 GeV
Non-legacy —— 172.60 + 0.21+ 0.70 GeV TOPHE.002 (2016, »——o% 70 £1. 3.09
] Single top enriched Lal, 172.60 + 0.77 +0-97 093 GeV
Unique non-legacy —— 172.60 + 0.21+ 0.70 GeV TOP-15-001 (2016) :
MTQ/MAOS observables 172.22 + 0.16 +0.88 0.92 GeV
. . TOP-15-008 (2016) :
Alternative techniques —— 172,59 + 0.21+ 0.72 GeV

141

173.68 +0.20 *1-98 | .- GeV

173.50 % 3.00 £ 0.90 GeV
173.90 £ 0.90 *1-70 , . GeV
173.50 + 1.50 + 2.91 GeV
172.30 £ 0.32 +124 | .0 Gev
172,61+ 0.57 + 0.90 GeV
1725840214072 Gev

172.44 £ 0.13 £ 0.47 GeV

172.43 £ 0.13 £ 0.46 GeV

160 170

180 190
m, [GeV]
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https://arxiv.org/abs/1703.06994
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-012/index.html

Top quark spin correlations

@ Top quark spins expected to be correlated in SM

@ Reconstruction based on leptons — Dilepton decay channel, = 2 jets

o Inclusive and differential measurements @ parton level by reg. Unfolding
» Dominated by: Unfolding & top p_ reweighting

> | Results agree with NLO QCD:  Spins correlated!
-1
0.4_...|...l...,...|1.9:5.fb|(.8.-r‘?\’i)
. CMS ke Search for top chromomagnetic
L2 (2 ) — — —7 anomalous couplings using differential
0.35 N (!—lf)—_0-006i0-024 - cross section distribution
—  [—0.053<N(11,)<0.042 )
o- I ] PRD 93, 052007 (2016)
2 i ]
"-g 0.3 B —| CP-conserving dipole moment CP-violating dipole moment
E - Data i
: R il | Lo = == 16" T1Gy,, — = tic"ysT1Gy,
025~ e NLO SM (p=p=m) — 2 2
i — — NLOSM (p=p=2m,) ] ~
I NLO SM (uH=I'IF=rn|/2) i Re(Mt) =-0.006 + 0.024 (tOt)
C | | l I R | I ]

] ~0.053 < Re(w) < 0.042 at 95% CL
| —0.068 < Re([) < 0.067 at 95% CL

|Ad

U
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14005

Top quark width

CMS-PAS-TOP-16-019

» Requires 2 leptons (e,u) and at least 2 jets
(> 0 identified as b-jet)

» Direct bound on top quark decay width

» Likelihood approach using simulated MCs
for different decay widths

» MC's accurate to NLO in production and
LO in decay

» Missing orders & BSM physics can affect

. 012000 - -
the extraction = | Sfeaeimewdy™ 2™ _
T _7b-tag ® Data Ow  Pti+v
10000 [IMultiboson ~ [[Jw []DY
[t Bt-ch
8000 Uses 172.5 GeV and

width of 1.324 GeV

||I|III||I||III|II|I|II|

0 50 100 150 200 250 300
Mass(lepton,jet) (Inclusive) [GeV]

n 1

@)

107"

102

12.9fb™ (13 TeV)

T T TTTT

T

CMS Preliminary

—&— Observed
Post-fit model (u profile)
Pre-fit model (u=1)

|IIII|IIII|IIII|IIII|IIII”‘rIIII|IIII

0.5 1 1.5 2 2.5

3

3.5 4
I [GeV]

0.6 < <2.5GeV @95% CL

(expected 0.6 <[ < 2.4 GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-019/index.html

W helicity PLB 762 (2016) 512

» \W helicity in SM: f=0. 30 f =0. 704’ 198 " (8TeV)
%mo.osi— CMS .68% CL
" 008 V,=1,V,=0 [ Jos% cL

1 @ @ °'°4§ Combined p+jets and e+jets * SM
» W helicity in top pair |+jets channel "3 -

» CMS also measured W helicity in single top events =

* Similar precision but orthogonal systematic D I |
uncertainties in single top channels S R
@ Signal model & template statistics I : 1??fb (8TeV)
O u+jets
036 ® l+jets combined
S N * SM

Most accurate experimental determination ,.,

|III|III|III|III]III|

> F,= 0.681+0.012 (stat.) £ 0.023 (syst.) SN <A
F = 0.323 £ 0.008 (stat.) £ 0.014 (syst.) m e __
F.= 0.004 £ 0.005 (stat.) £ 0.014 (syst.) L

Fo
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-13-008/index.html

Ttbar + Ttbar CMS-TOP-PAG-16-016

-1
SM (NLO): o(tt+tt) = 9 fb . | 2.61b" (13 TeV)
) i - = 10° CMS Single Lepton: e
t o —+— Data
< o 10" &= Preliminary — wx
g A 106 [ ] ’I[:l)NT
10° ittt (X 20)

> 1 ME Scale Uncertainty

t
J
t
‘9””99”” Vt |6H”7”H8HH9””10|”|11” 12 13 14,15N
» Dilepton & |+jets channels, at least 2 b-jets — n2-6fb"<13TeV> |
» Use boosted decision tree to enhance signal S +SZES§§§<?¢1G
> Upper limit for Ttbar+Ttbar @95% CL.: ‘ - Dilepton
— Observed 10.2 x o(SM, tt+tt) | ‘ St Lomton
— Observed 10.8 +6.7-3.8 x o(SM, tt+tt) i

L1 1 1 L1 11 1111 11 11 11 1 1 1 1 11 I L1 11
0 10 20 30 40 50 60 70 80 90
95 % CL limiton p = cobS/ Ogy
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-016/index.html

Differential cross sections

» Run | & Run |l top pT measurements at ATLAS/CMS not described by
NLO and most MCs
» Data is more soft: consistently seen in all decay channels

% 0'008:_ ATLAS+CMS Preliminary LHCIOPWG /5= 8 TeV, Nov2ois - CMS — EP'JC| 76 (29?§)|1|28| ___8Tev
- 1 3 © - -
FQF 0007 " ATLAS. L= 2031 - 16 | Parton level -
o - | | R : ] — - i -
o 0.006 ' ' o505 04480, — > 440 - Ietptonﬂets ]
B - | —— NNLO (MSTW2008 PDF) = o= "L 4 dilepton i
S 0.005— =--;'-*':|_ arXiv:1511.00549 —] + B o all-jets ]
(o) - . . approx. NNNLO (MSTW2008 PDF) o 19oL i o ]
= - . PRD 90 (2014) 014006 = o CL — linear fi i
0.004_';"+*$| | == DiffTop approx. NNLO (cT10 PDF)] (3 P_‘|@O2’| I * i
- JHEP 01 (2015) 082 : o | oA RO ]
0.003[F- | N - §
- TIEL ] b - ]
0.002F ' LHCTopWG - 2 o8- .
- | ] ~ B i
0.001— gy - oo 06F
- begermerreroton - © L i
> __HHHHHH'HH'HH'HH'H:i'HH__ = :F=-0-102'(L)+1-14 -
z 1.4+ Ii CMSstat@systunc ...... 9 L LI I 4 B E 0.4 = 100 GeV =
_GC_) O1 2:_ ......... Frr ATLAS 81at. - SYSL LG - eerremre et _: T | L e
i e —— . I——— 0 100 200 400 500
oz Leadlng top P, (GeV)
E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5l 6750100 150 200 250 300 350 400 Spectra are described by NNLO+NNLL

P [GeV] calculations
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

Top quark mass

NH : I. I I Ir_:
PSS S S fitter]sul: 3 ,
C [ SM fit w/o m, measulements = ©
8 — | SMiit w/o m, and M, lIpeasurements —
- E_'-.-' mki" world average [arKiv:1403.4427] _E
— HEH mkin DO measurement [8rXiv:1405.1756] -
6 =07 mP°*® from Tevatron o farXiv:1207.0980] =
5 m°® fromCMS o_[arXi§:1307.1907v3] =
= HH mP°® from ATLAS o [arXly:1406.5375] =
. ittty ittt — 26
= =
2 . HOH E
1 :— ----- o \ ------------------------- — 1o
0 - | | | ] | | | ] | |. | | I_I. | | | | | | | | | | | | | ] -
160 165 170 175 180 185 190
“ ” i My [GEV]
— “pole means extracted from production cross sections
— “kin” means direct measurements, e.g. matrix element method
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¥, Top quark polarization
s In ft production: New physics o O_ﬁﬁs' T jua R e
L%SOO_ i TTQV_;:_ ABkgd. aP=-0.3

polarizes top quarks
» Polarization introduced by CP

conserving or violating process:
€P_,.= -0.035+0.014 (stat.) + 0.037 (syst.)

_>

//////// Wit i

L L

pDIoN

QPCPV - 0020 + 0016 (Stat) + 0'013 (SySt) 01 08:06-04-02 3(02)040608 1-1 0.8-0.6-0.4-0.2 3(0)204 06 08 1
€ : Spin analyzing power, P_,, top quark polarlzatlon e
X
PRL 111, 232002 (2013) > "M preliminary 8 = 8 TeV, L= 20 "
_ A =0.42 £ 0.07 (stat.) £ 0.15 (syst.) 1
» Good agreement with SM 2001 + unfolded data -
. . . | I generated (POWHEG)
(negligible polarization), also seen Zigenerated (CompHEP) e
by — CMS: PRL 112 (2014) 182001 i |
' " PRD 87, 011103(R) (2013 ! 1
N DO (R) ( ) i T i
o0 e e
s In single top production, measure v e
polarized top quarks as expected O s
—p o
P.= 0.82 +0.12 (stat) + 0.32 (syst) TS Ea—y 2 -
CMS-PAS-TOP-13-001 cos 6
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http://arxiv.org/abs/arXiv:1307.6511
http://arxiv.org/abs/1207.0364
http://arxiv.org/abs/1311.3924
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@ Complements results in pair production
@ Similar precision but orthogonal systematic
uncertainties in single top channels
o Signal model & template statistics
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SM vacuum stability

CMS

» With the Higgs discovery the SM can be
extrapolated to Planck scale energies
» “Test” the stability of the electroweak
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